
.

Mars Rovers:

by

Introduction

July 4,1997,

Sharon Laubaclt

and Beyond

Planetary scientists have a unique problem when collecting data for their subject: in the absence of an
interplanetary manned space program, they mLIst  rely upon remote sensing techniques. An invaluable
part of their arsenal is spacecraft which can study the region of interest in dct:til.  1.ancicrs in particular
are able to bring sensors and instruments into close contact with the planetary environment, and to take
direct measurements of properties such as soil mechanics ancl elemental composition as well as being
able to image surface features in greater detail than is possible with orbiters or blh-bounci  instruments.
l.andcrs, however, have the shortcoming that they arc limited to a single site for study. An important
addition, then, is a mobile robot which can rove over a much larger segment of the terrain :tncl can carry
imagers and other instruments to a variety of features spread over this larger area.

The recent Mars Pathfinder mission demonstrated the utility of such an approach. The Sojourner rover
carried by the lander  to the sur~ace  of Mars ranged over an area approximately 10 meters in r~i(lius,  in
which it conducted soil experiments in several ciiffcrcnt terrains, took cict:iileci  inuigcs of rocks and soils
from centimeters away, and placed its on-board spcctromctcr on 16 distinct targets (9 rocks and 7 soil
sites). [2]

Future missions plan to expand this successful tcchno]ogy  by incorporating mobile robots (’‘rovers”)
which are capable of travcrsitlg  even larger distances, carrying their instruments to a wider variety of
features and even caching samples along the way. A kcy rcquircnmnt  for these ncw planetary robots  is
greater navigational autonomy, since lon.gcr (iist:inces must bc covcrc(i  between opportunities to
communicate with Earth than in prior missions. An I+2uth-b~isc(i  prototype rover, callc(i ‘ ‘Rocky 7”, has
been cicvclopcd at the Jet Propulsion 1.aboratory  to serve as a testbtxi for new technologies for future
missions--in particular, the capability to traverse long [iistanccs  autonomously.

The next section gives a brief overview of the Mars Pathfinder mission, and cicscribcs the author’s
experiences as a Rover Scqucncc  Planner during the firsi weeks after the Mars landing. Next is a
description of the current objectives for the Mars rover missions like those in 200 I and 2003. The fourth
section describes the Rocky7 prototype rover, and the current work extcn(iing Mars rovers’ abiiitics  to
navigate longer distances autonomously. The finai section inc]u(ics concluding rem:irks.

Adventures on Another Planet



Adventures on Another Planet

The Mars Pathfinder mission was trLlly  an adventurous project.
Marking humankind’s return (o the Martian sLIIPdcc  for the first time
in 20 yc~irs, the spacecraft tested an astounding nLlnlbcr  of new
technologies--including, perhaps most spcctacLllady,  the uniqLle
method of entry, descent, and landing--as well as the firsl mobile
spacecraft on another planet, the SojoLlrner  rover. P:ithfinder’s
entry, descent, and landing sequence, including the usc of direc(
entry without orbiting first, parachLltcs  to slow descent, and airbags
to cLlshion  the hard landing, broke nearly all of the “rules”
established by the Viking landings on Mars. The task of the
Pathfinder rover was to act as a “mobile remote geologist”,
bringing imagers  and instrLtnlcnts  up close to the rocks and soils
which coLlld be seen so tantalizingly by the Pathfinder lander’s
cameras. The more detailed the data which coLIld be returned by
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Pathfinder, the more certain the project scientists could be in determining the compositions and
morphologic of the Martian terrains--and thus the more which coLIld be learned about the geological
history of that parl of the planet, and specifically about the role of liquid water on ancient Mars.

Sojourner’s task, however, was a very difficu]t one. III order to be :iblc to traverse the rocky terrain
expected on Mars, the rover was designed with a nLlnlbcr  of uniq Llc feat Llrcs. Mechanically, for
example, SojoLumer  utilises a six-wheel “rocker bogie” system, which allows the rover to Sllrmount
obstacles one-and-one-half wheel diameters tall ( 1 wheel diameter = 13 cm), which is anal agous to
drjving  yoLm car over yoLlr dining room table! The action of the rocker-bogic system can be seen in the
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“rover  movie” at left, which was t:ikcn by the lander cmcra (Imagcr for
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‘d :! Mars P:tthfindcr, or IMP) on Sol 24 ( 1 sol = 1 Marlian day). Software

( addresses the problem that it takes m average about 20 nlinLltcs  for
/ commands to reach M:irs  from Earth (plus another 20 minutes for

\ confirmation). This inherent delay renders “remote-control”
telcopcration  impractical, even assLlnling that the ground operators have
continLloLls usc of the IJccp Space Network used to communicate with
spacecraft (which is not possible, dLIC to schcdLlling  Constr:iints).  The
SojoLlrncr  rover fc2itLlres  limited aLltcmonloLls ll:lVigdiOIl  ability,
cncapsLllatccl  primarily in the “Go To Waypoint” command: groLlnd
operators specify a goal location, and the rover moves toward the goal
withoLlt  fLulhcr instrLlction,  avoiding obstacles and other hazards on its

own. The rover captLwes  stereo image data with its fron-mountc(i  stereo canlcra  pair, which it also LISCS
to perceive its environment via a l:iscr-sttiping  systcm. This system senses obstacles ahead of the rover
as follows: the five on-board lasers project stripes onto the grouncl,  and sclcctcd lines in each camera
arc scanned to bLlild up a 20-point range “image” of the terrain immediately in front of the rover. This
terrain model is then used on-board, dLlring execution of the “Go To W:iypoint” command, to perform
hazard detection and avoidance on the w:ty to the goiil. SojoLlrncr’s  sophisticated soft ware was written
in C and assembly using a lJnix development cnvircmmcnt  (note: SojoLtrner  has no on-board operating
system); it rLms on an Intel 80C85 processor operating at 2M11z, a choice dict:itcd by power and
radiation-hardness constraints. The ground operators’ interface is Silicon Graphics inventor @-based.
SojoLlrncr’s  top speed is roLlghly  1 cmlscc, and the rover is only 68 cm x 48 cm, standing all of 28 cm
tall when fLllly  deployed. [2] [3]



l’hc author  had the opportunity to witness the pcrfcmmtnce  of ciich of these elements firsthand during the
first few weeks after Pathfinder landed on Mars, in hcr capacity as an Llplink  engineer on the Rover
team. The Rover  Flight Team comprised two distinct roles: downl  ink and Llplink. The downl  ink
cngincm’  task was to interpret data retLlrnccl  to Earth by the spacecraft. Members of each
sLlbsystenl--c.g. mobility, thermal, power, control and navig:ition,  communications--assessed the state of
the rover, and generated constraints to bc mnsidcred  in the next sol’s operations. This team had to
provide an initial evaluation of the state of the vehicle within approximately two hoLlrs  of the end of the
downlink  communication session with the spacecraft. The downlink  team then met with the Llplink  team
to report their conclLlsions,  Next, the Llplink  team met with the project scientists to cleterminc the coLme
of action for the next sol, and to hash oLlt  conflicts between desired cxpcrimmts  and the rover
engineering reqL1ircnlcnts.  F’inally, the Llplink  engineers spent the next several hoLlrs  laborioLlsly
bLlilding  and docLlnlcnting  the command sequences, Llsing the Rover Control Workstation (:in SGI Onyx
2). A typical seqLlcnce contained 200-300 commands, detailing cvcry(hing  from thermal control
parameters, to health status check rates, to actLlal  instrLlnlcnt  operation and ttavcrse instrLlctions.  The
tr:ivcrse commands, in particular, necessitated m intensive bLlilding  process: the designated “rover
driver” donned LCD shuttered goggles in order to scrutinise a 311 display of actLlal  Martian terrain
derived from stereo data from the 1 MP cameras. (See the image at right, a redhlLle  stereo anaglyph,  to
get  a feel for the Martian terrain--yoLl  will need rcd/blLlc
glasses to see the image in 3D.) The driver Lltiliscd  a 311
graphic icon modcllcd  on the rover to plan Sojourner’s
movements; in times when caL1tion was necessary, the plan
included sLlch detailed instructions :is ‘ ‘tLwn clockwise 17
degrees, then move forward 10 cm” to manmuver  the
robot throLlgh  tight spaces. in the most relaxccl  cases, the
(iriver needed to “connect-the-dots” by specifying goal
positions in clear areas, since SojoLmer’s  “Go  To
Waypoint” command had only been tcs{ed for distances of
several meters. Even more importantly, the distance
travcllcd  by the rover each sol was limitccl  by accunlLllated
dead reckoning error, which was on the order of 5- 10% of
the distance travclled.  [2] The SojoLmer  rover was highly dependent Llpon the rover drivers’ ability to
localise the rover in the lander-based coordinate systcm at the start of each sol. The seqLmces were
then reviewed especially carcfLdly  for errors, since--more so than with past spacecraft, whose
environments were generally more predictable--a wrong command coLlld  potcnti:illy  damage the rover.
The rover sequence was next incorporated into a lancicr  seqLmncc  for transmission (o the spacecraft. l’hc
seqLlencc woLl]d  at last be Llplinked  and rcccivcd by the rover the morning of the next sol. SojoLlrncr
woLlld  exccLlte  the commancl scq Llcncc  during the Martian



wou]d execute the comman(i sequence clLming  the Martian
day, and that night the cycle woLIld  begin again as the
spacecraft reported back to F,arth with the sol’s new data.

The SojoLIrnCr K)VCI’ SLICCfXSfU]]y Opcrdcd 011 the SLl~~dCC of
Mars far in excess of its design life of 7 SOIS.  in fact, the
rover was continuing to operate, despite loss of its battery
and SLlbSCqLICnt reliance on i[s solar panel for power, Llp
Lmtil Sol 83 of the mission, when collltllLl~licatiolls  bctwccn
the lander and Earth was lost. So far as is known, the
SojoL)rner rover continLles to operate cm its own, in hopes
of rc-establishing contact with Earth.

The Adventure Continues...

As the capabilities of rovers improve, they will bc incorporated into fLlture  missions. ]n particLllar,
scientists are interested in being :ible to explore more than one geologically distinct region within a
single mission, which can only bc accomplished by mvcrs which arc ab]c to fLlnction  withoLlt  being tied
to a lander--either by collllllu[licatiolls  or by naviga[icm  rcqLlircnmnts. In addition, the next rover
missions seek to address a difficLllty  inherent in cLmcnt  robotic space applications: it jLlst is not feasible,
or perhaps even possible, to incorporate all of the cap:ibilities  of an liarth-based laboratory into a rover
on Mars. Thus, while gathering as much information as possible aboLlt the Martian environment, the
fLltLwe  rovers will also bc rcclLlircd  to analy~,c  rock and soil samples i}~ situ and then cache those s:imples
which are deemd “interesting” to be broLlght  back 10 Farth by later spacecraft. Another important
difference is from an operational standpoint: dLIe  to bLldgct constraints, the fLltLlrc rover missions wil]
still be handled by a very small flight team. (The Sojoumcr flight team is composed of on the order of
20 people.) Since the new rovers are pl:tnned to operiite for an entire Earth year, as opposed to the one
month extended mission planned for Sojourner, it simply is not reasonable to expect the flight team to
keep as intensive a schedule as was requireci for Pathfincicr  operations. These :idvances  necessitate
rovers which are able to traverse several kilometers with enoLlgh  accLwacy  to reach the goal spccificd  by
the project scientists, with a nlininlLlnl of direction from human “drivers”. For example, it is expected
that the rover for the 2001 mission will traverse a distance of roLlghly  10 kilometers total. The rovers
will still be governed by commands received throLlgh  the Deep Space Network from F.arth, whose usc
will still be rigidly constrained by scheduling  iSSLICS--thLlS (he rovers nlLlst  bc able to navigate several
hLlndred  meters per sol aLltononloLlsly.  This fact places immense demands upon the rover navigation
system to bc able to make significant progress throLlgh  roLlgh, rock-strewn terrains withoLlt  :tssistance
from liarth-based operators. [5] in cent rast, SojoLmlcr  traversed a total of approximatcl  y 100 meters,
staying within about 10 meters of the lander, and rcqLlired  rclativc]y intensive supervision by ground
opcrat  ors.

Preparations for the Future

In order to develop the tcchno]ogics  nccclcci for these fLltLlrc M:irs rover missions, the long
Range Science Rover task at the Jet Propulsion 1.aboratory  (JPI,) was
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l%nge Science Rover task at the Jet Propulsion I.aboratory  (JP1.) was ~
established, with its Earth-based pmtotypc rover, Rocky7.  The rover
differs from Sojourner in several ways, inclLding being designed for I.os
Angeles/desert conditions and Earth gr:ivity, as opposed to Sojourner’s
environment on Mars. More germane to Rocky7’s  role its a tcstbccl  for
ncw technologies, the rover sports  two arms, a sLln sensor, and more
advanced navigation and perception software, :imong other additions to
the otherwise SojoLmcr-like platform. The arms comprise a short, 4
degree-of-freedom (DOF) arm with clamshell scoops for soil sampling,
with an integrated optical fiber path for an on-board spectrometer; anti a
longer 3 DOF “mast” which carries a stereo can~cra  pair oLItfiltcci  with

filter wheels, and another spectrometer or similar instrLlnlcnt.  As shown
in the photo at right (taken in the JP1. ‘‘ MarsYard’ ‘), the mast can bc
deployed to hold the stereo camera pair 1.4 meters above the sLwfacc,
proviciing a panoramic ViCW of the SL1l’1’OLllldiIlg  CIIViKHllllCIlt. The mast
can also bc used to bring the end-mounted instrLlnlcnt  into contact with a
specified point on the terrain in front of the rover, and is stowed dLlring
rover motion (see flgLwc below). It shoLlld bc noted here that the ‘ ‘MarsYard” is an oLltdoor  testing
facility at JPI., bLlilt to model the Martian terrain as seen by the Viking landers of the 70’s. Rocky7  also
Lltilises  the entire image plane of the stereo cameras to derive its range image of the surroLlnciing  terrain,
generating a nlLlch more accLwate  model of potential obstacles than is possible with SojoLmcr’s  20-point
image.  Dimensionally, Rocky7 is roLlghly  the same size as SojoLmcr, at 61 cm x 50 cm, standing 35 cm
tall; its speed is roughly 1 mhnin.

The Rocky7  rover differs from SojoLu-ncr as WCII in computing power, in line with the expectation that
the rovers in future missions woLlld  LISC a 32-bit processor operating at at least 15 M}lz,. Rocky7  Lltiliscs

a 6~060  ~PIJ i;l a VM-E  chassk,  running  tit appr~ximately
100 MIPS. The on-board software inclLKies:  Wind River
VxWorks  @~ real-time operating system, and Real Time
innovations’ CkmtrolShcll  @ real-time object-oriented
soflwarc  framework an(i Network Data Dc]ivcry System
03. Programming for the rover is accomplished in the lJnix
development environment, using ~+-t, ~, and I.isp. Stereo
corrc]ation  is done on-board. Finaily,  the ground operator
intcrfacc  is bascci  on I ITMI,/Java  03. [4]

Bcsi(ics acting as a tcstbcd for integrating new technologies
onto a mobiie rover platform, Rocky7 serves as well as an

important rcsoLlrcc for aigorithm  rcscarcil. in particLllar,  the author is cLlrrcntly  developing new
algorithms fOr aLltonoIlloLls  long-distance navigation, sLlch as is necessary for the fLltLlrc missions
dcscribcd above. [ 1 ] Whereas SojoLmcr  relied heavily LIpon the inpLlt  of groLlnd operators for both
localisation--updating the rover’s knowledge of exactly where il is within its environment, relative to a
prcvioLlsly-defined coordinate systcm--an(i  relatively specific ‘ ‘(iriving ‘‘ instrLlctions,  tile ncw rovers
must be able to traverse many hundrc~i meters between conlnlLlnication opportunities with Earth. In
addition, Sojourner was rcqLlired to stay close [o the lander, since hcr Iiarth-baseci  “drivers” needed to
be able to see the rover and the terrain from the lan(ier’s stereo cameras, and with cnoLlgh  accLlracy to bc
able to specify positions within a few Ccntimctcrs.  } lowcvcr,  fLlturc  missions’ rovers must travcl far
from the lander and be able to rely Llpon  the information they can glean themsclwx about  the



environment in order to navigate  and maintain  an :iccurate  model of where they arc. Thus, new software
is being developed which acts in m incremental manner to bLlilcl a path from the rover’s current position
to the goal. First, the rover cIcploys  its mast, and prepares a model of its cnvircmmcnt  from stereo
panoramic data gathered by the mast cameras. The environment model k then used by the rover to
determine the locally optimal path to follow towards its goal. The mast is stowed before the rover
cxccLltes the local portion of the path, and then the cycle begins again as the mast is raised for another
look. in this manner, the rover dctcrmincs  its path picccwisc,  where each segment is locally optimal,
relative to distance travcllcd,  for reaching the goal. in addition, the algorithm has been designed sLlch
that the rover is guaranteed to reach the goal :iccLlratcly  (in the case that the rover can keep an accurate
model of its location in its environment, and assuming, of coLlrsc,  that the goal is rcachablc)--a  property
which is not held by Sojourner’s navig:ttion  algorithm. This property shoLlld rcdLlcc  the nLlnlbcr  of SOIS

(Martian days) spent moving the rover to the specific region the scientists want to explore.

Conclusion

The field of planetary exploration offers a rich environment for nmbilc robotics research, containing as it
does many complicated issLlcs  which nlLlst  be tiicklcd in order to prodLIcc  sLlcccssfLll  missions. In
particLllar,  this article addresses some of the issLlcs related to autononloLls  path-planning for planetary
rovers. With the tools provided by improvements in these areas, mobile robots will prove to be an even
more LlsefLll and robust addition to the tcchniqLlcs  availab]c for planetary exploration.
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